The optical counterpart of the transient, millisecond X-ray pulsar SAX J1808.4-3658 was observed in four colours (BVRI ) for five weeks during the 2005 June-July outburst. The optical fluxes declined by ∼ 2 magnitudes during the first 16 days and then commenced quasi-periodic secondary outbursts, with time-scales of several days, similar to those seen in 2000 and 2002. The broadband spectra derived from these measurements were generally consistent with emission from an X-ray heated accretion disc. During the first 16 days decline in intensity the spectrum became redder. We suggest that the primary outburst was initiated by a viscosity change driven instability in the inner disc and note the contrast with another accreting millisecond pulsar, XTE J0929-314, for which the spectrum becomes bluer during the decline. On the night of 2005 June 5 (HJD 2453527) the I band flux was ∼ 0.45 magnitudes brighter than on the preceding or following nights whereas the BV & R bands showed no obvious enhancement. A Type I X-ray burst was detected by the RXTE spacecraft during this I band integration. It seems unlikely that reprocessed radiation from the burst was sufficient to explain the observed increase. We suggest that a major part of the I band excess was due to synchrotron emission triggered by the X-ray burst. Several other significant short duration changes in V-I were detected. One occurred at about HJD 2453546 in the early phase of the first secondary outburst and may be due to a mass transfer instability or to another synchrotron emission event.
INTRODUCTION
SAX J1808.4-3658 was the first transient millisecond X-ray pulsar to be discovered and has been studied extensively at all wavelengths (Chakrabarty & Morgan 1998; in 't Zand et al. 1998; Wijnands & van der Klis 1998; Giles, Hill & Greenhill 1999; Wachter et al. 2000; Wang et al. 2001; Wijnands et al. 2001; Homer et al. 2002; Markwardt, Miller & Wijnands 2002; Chakrabarty et al. 2003; Wijnands et al. 2003) . Study of these systems is providing important information on the evolutionary path by which a conventional LMXB system becomes a millisecond radio pulsar (Campana et al. 2004; Bogdanov, Grindlay & van den Berg 2005; Wijnands 2005 ).
The optical spectrum of SAX J1808.4-3658 during the 1998 outburst was found by Wang et al. (2001) to be consistent with emission from an X-ray irradiated accretion disc although there was a clear IR (JHK )excess on one occasion. It is possible that this extended into the optical bands (Giles et al. 2005) . A 2 hour orbital period modulation in V with amplitude 0.12±0.02 magnitudes peak to peak was detected during the 1998 outburst (Giles et al. 1999) . The phase was consistent with X-ray heating of the companion. A much deeper orbital modulation, too large to be generated by Xray heating, was present in the quiescent state (Campana et al. 2004) . They suggested that heating of the companion by a pulsar generated relativistic particle wind was responsible. SAX J1808.4-3658 is the only member of the 7 known accreting millisecond pulsars known to undergo extended low level activity states. These follow the initial outburst and are characterised by erratic, large amplitude variability on time-scales of hours to days. Repeated secondary Xray outburts with durations of several days are sometimes accompanied by optical outbursts (Wijnands, 2004) . Disc instability and mass transfer instability models have been suggested as possible mechanisms (Wijnands et al. 2001) .
Recently it has become apparent that synchrotron emission, probably from matter flowing out of the system via bipolar jets, makes a highly variable contribution to radio and IR emission from many different classes of X-ray binaries (Fender 2003) . In some cases this emission may extend into the optical region (Hynes et al. 2000) . Krauss et al. (2005) detected an I band excess during the discovery outburst of the accretion-powered millisecond pulsar XTE J1814-318 and Giles et al. (2005) found evidence of a variable I band excess from another accretion-powered millisecond pulsar XTE J0929-314. In this paper we describe the broad-band optical spectra of SAX J1808.4-3658 measured in 4 colours during the 2005 June outburst.
OBSERVATIONS
All the observations described in this paper were made using the 1-m telescope at the University of Tasmania, Mt. Canopus Observatory. The CCD camera, its operating software (CICADA), the image reduction and analysis tools (MIDAS and DoPHOT) were identical to that described in Giles et al. (1999) . The data were reduced using the PLANET microlensing collaboration pipeline QUYLLUR WASI. The CCD camera contains an SITe 512 x 512 pixel thinned back illuminated chip with an image scale of 0.434 ′′ pixel −1 . Cousins standard BVRI filters (Bessell 1990 ) were used for the observations. The magnitudes of three stable local reference stars ( Fig. 1) were determined using a sequence of observations of three standard stars within the E7 field of Graham (1982) . Both source and standard star fields were observed at virtually identical airmasses (1.01-1.03) and experience with this camera has shown that differential colour corrections are generally negligible. From these observations we derived the magnitudes of three local secondary standards close to SAX J1808.4-3658 and within the CCD frame. These local standards are marked as stars 1-3 on the finder chart in Fig. 1 and we tabulate their derived magnitudes in Table 1 . The magnitudes for SAX J1808.4-3658 were then obtained using differential photometry relative to these local secondary standards. The complete data set from 2005 June 2 to July 6 ) is detailed in Table 2 and forms the subject of this paper.
RESULTS

The light curves
The optical BVRI band and Rossi X-ray Timing Explorer (RXTE), All Sky Monitor (ASM) (Levine et al. 1996 ) X-ray light curves are shown in Fig. 2 . Both show a similar declining trend until about HJD 3540 followed by two shorter duration flares similar to those seen in the 2000 and 2002 Table 1 are marked with the numbers 1-3. a Times of mid integration (-2453500).
outbursts (Wachter et al. 2000; Wijnands et al. 2001 , Wijnands, 2004 . There was also a large excess (∼ 0.45 mag) in the I band but not in the other colours on HJD 3527. The decay time-scale during the first outburst (HJD 3522 to 3540) was ∼ 7 days for both the optical and the X-ray emission. This is very similar to that during the discovery outburst in 1998 (Giles et al. 1999 ) but much shorter than the ∼ 22 day time-scale for XTE J0929-314 (Giles et al. 2005) . Visual inspection of the light curves suggests that there is a weak correlation between the optical and X-ray fluxes with the optical emission preceding the X-ray by a few days as in the 1998 outburst (Giles et al. 1999) . To test this hypothesis we converted the optical magnitudes to fluxes normalised to the peak ASM count rate and calculated the sum of the squares of the differences between the the two fluxes for delays varying between -10 and +10 days. There is a broad minimum, for the whole dataset, corresponding to the optical emission leading the X-ray by -1 to +3 days. When this analysis is restricted to the data during the secondary outbursts commencing at HJD 3542 there is no significant minimum. This lack of correlation may well be a consequence of inadequate sampling and the low statistical significance of the ASM data at these times.
Spectral changes
In Fig. 3 we plot the B-I and V-I colour index changes during the observations. Where two measurements in the same colour were made on the same night we use the mean of the two. The solid line represents a linear fit to the data during the first steady decline in intensity ending at HJD 3540. The anomalous point at HJD 3527 is discussed in section 3.3. Neither it nor the points measured after HJD 3540 are included in the linear fits.
Many of our nightly measurements were made consecutively and therefore cluster within a binary phase duration of < 0.25 but this was not always the case. In the absence of a continuous set of measurements we are unable to confirm the continued existence of the 0.12 mag binary modulation in V observed during the 1998 outburst by Giles et al. (1999) . Larger VRI modulations are reported during the quiescent state (Campana et al. 1998) but no B modulation value is known for either state. We have taken the Campana et al. values (scaled down to the 1998 outburst V modulation), assumed a B modulation a little smaller than at V , and then used the precise ephemeris of Chakrabarty & Morgan (1998) to examine the B-I and V-I shifts expected if any such modulations were actually present. We find that for V-I the introduced simulated modulation 'errors' are < 0.05 mag. The scatter in the lower panel of fig 3 indicates that a modulation of this order may be present although we have no positive indication for it. For the B-I data the modulation 'errors' are perhaps twice the size for V-I and of course rather dependent on the assumed B modulation. However, the small B-I scatter about the linear fit in the upper panel of fig 3 suggests that minimal modulation was actually present.
The most obvious features in both plots is the large increase due to the flare in I on HJD 3527 and two smaller but significant increases on HJD 3624 and 3546. We discuss these anomalies below. Overall B-I increased linearly (became redder) until the intensity had decreased by about two magnitudes at the end of the primary outburst at HJD 3540. This is illustrated by the solid lines in Fig. 3 . The fact that the decline in emission is greatest in the blue end of the spectrum is suggestive of a viscosity driven "inside out" transition leading to a decline in inner disc emission.
During the secondary outburst peaking at HJD ∼ 3547 the spectrum was at first significantly redder at HJD 3546 and thereafter V-I returned to the values (0.4 ± 0.1) ob- served at the end of the initial intensity decline. Inspection of the light curves in Fig. 2 suggests that the increase in V-I on HJD 3546 was due to a brightening in I rather than a dimming in V . Another sudden change in colour occurred between the first and second nights of our observations (HJD 3524 and 3525) . These anomalous changes may be similar in nature to the I band flare on HJD 3527 but this cannot be confirmed in the absence of R & I measurements at those times. An alternative explanation is that they are due to a mass transfer instability in which cool matter is dumped into the outer disc. This is followed by an increase in optical emission and colour temperature as the matter diffuses inwards.
On 14 occasions within Table 2 we have 4 colour BVRI measurements taken over a short interval (typically ∼ 1 hr) on the same night. Using these data and the bandwidth specifications for each filter we have derived broadband BVRI spectra for these nights. In Fig. 4 we plot the spectra for 5 representative nights (HJD 3525, 3527, 3536, 3540 & 3547) corresponding to the early bright state, the I band flare, the declining phase, the low intensity phase and peak phase of the secondary outburst respectively. We also include the V &I points taken on HJD 3546 during the early rising phase of the first secondary outburst.
Also shown is a solid curve representing a power law approximation to the emission from an optically thick, Xray heated disc. The distribution is given by the equation is the reddened flux at wavelength λ and A λ is the wavelength dependent reddening correction toward the source. The spectrum is reddened assuming interstellar extinction AV = 0.68 (Wang et al. 2001 ). The amplitude is arbitrary. The anomalous spectrum on HJD 3527 will be discussed in the next section. On most other nights the spectra are consistent with the reddened power law approximation expected for an X-ray heated accretion disc with interstellar extinction. The spectra became redder (cooler) with time as noted from the B-I colour index plot (Fig. 3) . A similar cooling trend was also apparent in broadband spectra taken during the 1998 outburst (Wang et al. 2001 ). Overall the spectra were similar (spectral index ∼ 2.5 − 3.5) to that in the 1998 outburst (Wang et al. 2001 )A somewhat steeper spectrum was reported for the 2003 outburst of the accretion-powered millisecond pulsar XTE J1814-338 (Krauss et al. 2005) .
Except on the night of HJD 3527, there is no I band excess of the kind reported by Giles et al (2005) for XTE J0929-314 although, in the absence of B & R measurements, we cannot exclude the possibility that there was a single colour I band excess on HJD 3524 and in the early phase of the secondary outburst at HJD 3546.
I band flare
On the night of 2005, June 5 the I band measurement at HJD 3527.1449 revealed a ∼ 0.45 magnitude excess above the trend from previous and succeeding nights. There was no evidence of any excess above the trend-lines for any of the other colours all of which were measured within ∼ 2 hrs of the I band. The existence of an I band excess is also obvious in the broadband spectrum for the night as shown in Fig. 4 .
The absence of any perceptible increase in R, V or B indicates that the enhanced radiation in I was sharply cutoff in wavelength or was of duration less than 32 minutes when the next measurement (in V ) was made. An enhanced orbital modulation can be ruled out since there was no increase in R or B measured one orbital cycle after I .
RXTE Proportional Counter Array (PCA) measurements show that a typical Type I X-ray burst occurred almost in the middle of our 300 sec I band integration (private communication, Wijnands & Klein-Wolt) . The peak amplitude was ∼ 40 times the baseline flux and the duration (to 5% of baseline) was ∼ 35 s. The associated optical burst generated by reprocessing of the burst X-rays undoubtedly contributed to the increase in I .
Type I X-ray bursts have been observed from many neutron star binaries and typically last 10-20 sec although a few have lasted up to 150 seconds ( Kong et al. 2000) . For the few examples available with simultaneous X-ray and optical data, mostly from 4U 1636-53 (Pedersen et al. 1982; Lawrence et al. 1983; Matsuoka et al. 1984) and GS 1826-24 ( Kong et al. 2000) , the optical and X-ray profiles are similar in shape and duration There is usually evidence for an optical lag of a few seconds corresponding to the light travel time to the reprocessing site.
Preliminary calculations suggest that reprocessed radiation contributed only a small fraction of the increase seen in the I band. A paper on this event, combining the X-ray, optical and radio data, is in preparation. This will include detailed calculations setting limits on the optical flux expected from reprocessed radiation. For now we rely on approximate estimates based on scaling arguments using published simultaneous optical and X-ray observations of the X-ray burst source 4U 1636-53. The peak amplitudes of the bursts were ∼ 40 times the baseline X-ray flux in both systems although the duration of the SAX J1808.4-3658 burst was about twice as long as typical bursts seen in 4U 1636-53.
Optical bursts are generated by reprocessing of burst Xrays incident on the disc and the companion. The fraction observed from the disc is expected to be strongly dependent on the inclination of the system. The component coming from the companion star will also be dependent on on the inclination (though not so strongly) and will be proportional to the solid angle subtended by the companion Roche lobe at the burst source. Its amplitude will depend on the orbital phase at which the burst occurred. We assume in the calculations below that the fraction arising from the companion is equal to the fractional orbital modulation observed during transient outbursts.
The inclination angles are poorly known in both SAX J1808.4-3658 and 4U 1636-53 but are believed to be ∼ 60
• in both systems (Chakrabarty & Morgan 1998; Homer et al. 2002; Frank, King & Lasota 1987) . The X-ray burst occurred at binary phase φ = 0.08 (phase zero corresponds to the time when the companion star is at its maximum distance from the observer), almost optimum time for observing reprocessed radiation from the companion. Using the estimated dimensions of the two systems (Frank, King & Lasota 1987; Chakrabarty & Morgan 1998) we find that the solid angle of the Roche lobe in the 4U 1636-53 system is ∼ 4 times that in SAX J1808.4-3658. Hence the peak optical burst flux from the companion in 4U 1636-53 will be 4 times that in SAX J1808.4-3658 assuming that the X-ray bursts are similar in peak flux. Orbital modulation measurements show, however, that the fraction of radiation reprocessed on the companion to 4U 1636-53 is ∼ 25 per cent (Giles et al. 2002) which is only twice that in SAX J1808.4-3658 (Giles et al. 1999) . Hence, for the same peak X-ray burst flux, the observed reprocessed radiation from the disc is also larger in 4U 1636-53 than in SAX J1808.4-3658. This may be a consequence of a larger disc size or perhaps of a smaller inclination angle for 4U 1636-53. The two conditions above are satisfied if we assume that, for the same peak X-ray burst flux, optical bursts in 4U 1636-53 are twice as large as those in SAX J1808.4-3658.
The typical peak optical burst flux to baseline ratio in 4U 1636-53 is ∼ 1.5 (Pedersen et al. 1982; Lawrence et al. 1983) . Bursts in GS 1826-24 are much longer in duration but the ratio of optical to X-ray burst height is less (Kong et al. 2000) . Given that the X-ray bursts in SAX J1808.4-3658 and 4U 1636-53 are of similar peak amplitude we expect the optical burst in SAX J1808.4-3658 to have half the relative amplitude (∼ 0.75 times baseline). The total I band integration time (300 s) was much longer than the burst duration and this will reduce the amplitude of the reprocessing signal by the ratio of the integrated optical burst flux to the 'normal' optical flux. This ratio is ∼ 0.5 × 20/300 assuming the optical burst profile was triangular with effective duration ∼ 20 s. Hence the increase in the integrated I band flux due to reprocessing would be ∼ 2.5 per cent above baseline. This is a factor 20 less than the observed ∼ 50 per cent increase in I . There are many uncertainties in the above argument but it seems unlikely that all the I band excess can be due to reprocessed X-ray burst emission. The burst may have been the trigger for an on-going synchrotron emission event. Rupen et al. (2005) detected weak 4.86 and 8.46 GHz radio emission from SAX J1808.4-3658 on 2005 June 7, 11 &16 (HJD 3529, 3533 & 3538) and suggested it was due to synchrotron emission. Rea et al. (2005) measured V, R & I magnitudes on 2005 June 5 (HJD ∼ 3526.5) and set a 5σ upper limit of 16.5 on H band IR emission. Their measurements of the optical magnitudes are of low precision but are more consistent with our 'normal' spectrum of June 3 than with the 'anomalous' data of June 5. Their H band upper limit is slightly above an extrapolation of the 'normal' spectrum but is more consistent with it than with the 'anomalous' one. The measurements by Rea et al. (2005) were made ∼ 12 hrs before our observations of June 5. It seems likely that the IR excess was not present at that time and we note also that no radio emission was detected on 2005 June 4 the day before our observation (Rupen et al. 2005) . We conclude that the I band enhancement was due, at least in part, to synchrotron emission. It commenced less than 12 hours before our observation and was probably triggered by the type I X-ray burst. Enhanced I band emission lasted less than 60 hours since it was not present on June 7 (HJD 3529). This implies also that the synchrotron spectrum cut-off frequency decreased since radio synchrotron emission was detected on that day and continued for at least another 9 days (Rupen et al. 2005) . Giles et al. (2005) reported a variable I band excess in another accreting millisecond pulsar, XTE J0929-314, and suggested that the anomalous optical and IR spectra in SAX J1808.4-3658 reported by Wang et al. (2001) may be similar in nature. Krauss et al. (2005) observed an I band excess in a third accreting millisecond pulsar XTE J1814-318 and suggested that it was probably due to synchrotron emission. Hence we conclude that variable synchrotron emission is common in these systems.
DISCUSSION
Our observations show that on most nights the optical spectra in outburst were consistent with emission from an X-ray heated accretion disc. The spectra became redder as the intensity decreased. A similar decrease in colour temperature was also apparent in the 1998 outburst of this source (Wang et al. 2001) . These changes are consistent with an 'insideout' transition in the disc i.e. one triggered by a viscosity change driven instability in the inner disc. In this scenario the ∼ 7 day time-scale for the outburst decline corresponds to the time-scale for depletion of matter in the inner disc.
The spectral changes in this system are remarkably different from that in the accreting millisecond pulsar XTE J0929-314. In Fig.5 we show the time dependence of B-I and V-I during the 2002 outburst in XTE J0929-314 (Giles et al. 2005) . These are drawn to the same scale as in Fig.  3 . Again we note the strong influence of the changes in B (predominately inner disc emission) on the spectrum. The change in spectral colour is, however, opposite in direction to that seen in SAX J1808.4-3658 suggesting different outburst mechanisms in the two systems. In XTE J0929-314 the disc became hotter as the intensity decreased during the 2002 outburst (Giles et al. 2005) . This is suggestive of a mass transfer (outside-in) instability. It is not clear why these systems should differ in this way although we note that the companion in XTE J0929-314 is thought to be a degenerate helium core with remnant envelope and a mass ∼ 0.01M⊙ (Galloway et al. 2002) . The companion to SAX J1808.4-3658 is a brown dwarf at least 5 times as massive (Bildsten & Chakrabarty, 2001 ). This may affect the stability of the atmospheres of the companions while undergoing X-ray heating. We note however that a mass transfer instability may have contributed to the quasi-periodic secondary outbursts in SAX J1808.4-3658 commencing at HJD ∼ 3545 during our observation.
On several occasions we have detected highly significant changes from night to night in the colour indices suggestive of sudden changes in disc structure. These were particularly strong in B -I . Giles et al. (2005) reported similar anomalous changes in XTE J0929-314. During future outbursts four colour (BVRI ) sampling several times per night will be required to adequately characterise the evolution of these changes.
The I band excess seen on 2005 June 5 was due in part to an optical burst generated by reprocessing of the X-rays from a Type I burst which occurred during our I band integration. Preliminary calculations indicate, however, that reprocessing alone is insufficient to explain the observed increase. We suggest that the X-ray burst triggered synchrotron emission which had disappeared at optical wavelengths within two days but which persisted at radio frequencies until at least 2005 June 16 (Rupen et al. 2005) . If this scenario is correct the increase in I band flux due to synchrotron radiation was at least twice the normal flux since synchrotron emission did not commence until after the middle of the exposure. We are not aware of any previous evidence for synchrotron emission being triggered by an X-ray burst.
Of the seven known accreting millisecond pulsars, three (SAX J1808.4-3658, XTE J0929-314 & XTE J1814-338) are now known to have transient near IR emission. It seems likely that this is due to synchrotron emission which extends at times to I band wavelengths. Synchrotron emission at radio and IR wavelengths has been detected from a number of other X-ray binaries during outburst (Fender, 2001) but it seems it is particularly common in accreting millisecond pulsars.
ACKNOWLEDGMENTS
This research has made use of data obtained through the High Energy Astrophysics Science Archive Research Center
